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INTRODUCTION 


The  role  of  phosphorus  in  accelerated  eutrophication  of  Lake 
Erie  and  other  areas  in  the  Great  Lakes  Drainage  Basin  has  been  recognized 
and  documented  in  recent  years.  Studies  by  LEVfC  and  PLUARG  have  shown 
that  a  major  part  of  the  total  phosphorus  load  entering  the  lakes  from 
tributary  drainage  is  in  the  form  of  parti culate-P.  While  it  is  readily 
accepted  that  soluble  inorganic-P  in  drainage  water  is  available  to  algae 
and  other  aquatic  vegetation,  the  bioaval labi lity  of  sediment-bound 
phosphate  is  largely  unknown.  As  a  result,  one  is  faced  with  two  extreme 
scenarios:  a)  only  the  soluble  inorganic-P  is  bloavallable  and  b)  all 
sources  of  P  including  sediaent-P  are  available.  The  first  scenario  is 
supported  by  the  findings  in  New  York  where  soluble  inorganic-P  was 
shown  to  be  the  dominant  form  of  stream-transported  phosphate  in  stimulating 
growth  of  algae  (Porter,  1975).  On  the  other  hand,  Golterman  (1977) 
found  that  sediment-P  in  shallow  polder  lakes  in  Holland  would  maintain 
highly  eutrophic  conditions  even  if  all  external  P  sources  were  removed. 
Recent  work  by  Allan  and  Williams  (1978)  demonstrated  the  importance  of 
biologically  available  sediment-P  in  fairly  shallow  Canadian  prairie  lakes. 

The  Importance  of  sediment  as  a  source  of  P  for  algae  is 
governed  by  a  number  of  factors .  Streams  which  carry  a  low  sediment  load, 
and/or  sediment  of  coarse-texture  and  stream-bank  origin  will  have  most 
of  its  biologically  available  P  as  soluble  inorganic-P  as  a  consequence 
of  the  lower  P  content  of  coarse  sediment  (Williams  et  al . ,  1976). 
Consideration  must  also  be  given  to  physical  lake  dynamics.  Stream 
sediments  which  settle  rapidly  into  deep  lakes  will  only  be  positionally 


available  to  algae  in  the  photic  tone  for  short  periods  as  in  the 
central  and  eastern  basins  of  Lake  Erie,  thereby  sdnistizing  the  significance 
of  sediment-P  as  a  source  of  biologically  available  phosphorus.  In 
contrast,  we  have  the  situation  where  streams  carry  a  high  load  of  fine¬ 
grained  sediment  into  shallow  lakes,  a  situation  similar  to  that  in 
the  western  basin  of  Lake  Erie.  In  this  instance,  factors  which  serve 
t*>  increase  the  importance  of  uedlment-F  are:  the  high  percentage  of 
the  total  phosphorus  load  as  :<odimer.t-P,  the  hi  idler  content  of  P  In 
clay-sized  sediment,  and  the  longer  period  in  which  this  suspended 
sediment  load  is  positionally  available  to  algae  In  the  photic  zone. 

Chemical  extraction  procedures  to  estimate  bioavailability 
of  sediment-P  from  tributary  ources  must  take  into  account  the  conditions 
under  which  algae  obtain  P  from  sediment.  Algae  can  derive  some  P 
from  sediment  in  the  photic  zone  for  short  periods  and  under  aerobic 
conditions.  In  addition,  available-P  is  derived  from  bottom  sediments 
during  anoxic  regeneration  and  subsequent  lake  Inversion,  a  markedly 
different  chemical  environment  than  exists  in  the  photic  zone.  While 
much  of  the  P  regeneration  is  from  decomposed  algal  biomass,  sediment-P 
is  also  released  under  anoxic  conditions.  As  a  result  of  this  dichotosQr, 
bloavallable  sediment-P  will  be  viewed  here  in  two  ways:  a)  positionally 
abailable,  to  represent  short-term  release  of  P  to  algae  in  surface 
waters,  and  b)  total  potentially  available,  to  represent  maximum  P 
which  can  be  released  over  time  by  all  mechanisms.  Chemical  extraction 
procedures  to  estimate  sediment-P  bloavai lability  will  be  discussed  in 


the  context  of  this  concept. 


In  the  following  sections,  discussion  will  Include: 

1)  Differences  in  characteristics  of  soils,  suspended 
sediments  and  bottom  sediments 

2)  Chemical  extraction  procedures  to  estimate  sediment 
blonvai labi  lity  and  their  relation  to  sediment 
properties 

3)  Estimates  of  phosphorus  bioavailability  of  Lake 
Erie  sediments 

U)  itinetics  of  desorption  and  chemical  exchange  of 
sediment-P. 


contrasting  characteristics  of  soils  and  sediments 


There  is  a  growing  body  of  research  on  chemical  extraction 
procedures  to  estimate  bloavallable  sediment-r  (RSr).  Much  of  the 
early  work  was  done  on  soils,  with  more  recent  studies  on  lake  and  stream 
sediments.  Differences  in  these  studies  can  be  attributed,  in  part, 
to  differences  in  the  biological  and  physicochemical  characteristics  of 
soils  and  sediments.  A  major  treatment  of  the  subject  is  not  intended 
here.  However,  several  major  differences  between  soils  and  sediments  are 
apparent.  First,  because  of  their  fluvial  transport,  sediments  are 
unstructured  and  generally  more  fine-grained  than  the  soils  from  which 
they  were  derived.  They  tend  to  be  enriched  in  organic  matter,  and  this 
together  with  their  fine-grained  nature  results  in  an  enrichment  of 
sediments  with  phosphate,  hydrous  oxides  of  iron  and  some  aluminum,  and, 
in  some  sediments  with  carbonates.  Suspended  stream  sediments  behave 
much  like  their  soil  precursors  except  for  their  P  enrichment  (Green  et  al.. 


1978).  Bottom  sediments,  on  the  other  hand.  In  both  lakes  and  streams 
■ay  be  subjected  to  long  periods  of  anoxia  with  subsequent  reduction  and 
solubilization  of  iron  (Patrick  and  Mahapatra,  1968).  Phosphate  release 
fro*  suspended  sediments  is  much  more  similar  to  that  from  soil  than 
t"rre»  bottom  sediments.  Discussion  of  chemical  extraction  of  sediment-P 
must  consider  these  significant  differences. 


Chemical  extraction  procedures  to  estimate  BCP 


Any  chemical  extraction  procedure  to  estimate  soil  or  sediment 
tilofivai  lubl  llty  mis:t  have  the  following  attributes: 

1.  Must  correlate  with  blouptake 

Should  be  applicable  to  a  wide  ranire  of  collr-  or 

;tc.l  i  m.  iil 


j.  .'Should  be  relatively  easy  to  perform  and  the 
results  should  be  reproducible. 

Early  work  in  soil  science  was  concerned  with  development  of 
soil  tent  procedures ,  l.e.  chemical  extractants  to  estimate  availability 
of  soll-P  to  agronomic  crops.  Most  of  the  procedures  did  one  or  more 
of  the  following: 

1.  Removed  soluble-P  held  in  soil  pores 

2.  Used  another  anion  to  exchange  with  some  of 
the  HyPCh,  adsorbed  to  soil  surfaces 

3.  Dissolved  or  hydrolyzed  part  of  the  more 
labile  soil-P  complex. 

Many  of  the  procedures  used,  in  fact,  do  all  three.  In  the  Lake  Erie 
Basin,  today,  two  soil  testing  procedures  for  plant-available  phosphate 


l 


are  used:  0.5  M  NaHCOj  (Olsen  et  al . ,  195*0  and  the  Bray  PI  (0.03  M  NH4F  ♦ 
0.025  M  HC1 )  (Bray  and  Kurts,  19^*5 ) -  'Hie  Bray  procedure  is  used  In  nil 
the  U.S.  Lake  Erie  Basin  states  and  the  Olsen  test  in  Ontario.  These 
teats  have  also  been  used  to  characterize  sediment-P  (Romkens  and  Nelson, 
197*»*  McCallister  and  Logan,  1978). 

Workers  at  Wisconsin  (Chang  and  Jackson,  1957)  began  to  look 
at  sequential  chemical  extraction  to  characterize  soil-P.  Their  original 
theory  was  that  phosphorus  in  soil  occurred  as  discrete  chemical  forms 
which  could  be  selectively  removed  by  sequential  chemical  extraction. 

They  proposed  the  following  scheme: 

Chemical  form  Extractact  (in  sequence) 

Saloi  d-bound  P  1  N  NH„  Cl 

Aluminum-P  0.5  M  NH„F 

Iron-P  1  N  NaOH 

Oc  c  1  ude  d-  P  ci  t  r  ate-  di  th  i  oni  t  e-b  i  carbonate 

Apatite-P  1  R  HC1 

This  theory  of  discrete  P  forms  in  soil  has  been  questioned  by  Bache 
(1963,  196*0,  Bauwin  and  Tyner  (1957)  and  others.  A  more  prevalent  view 
today  is  that  much  of  the  inorganic-P  in  soil  is  chemisorbed  to  a  number 
of  reactive  surfaces  including  iron  and  aluminum  oxides  and  hydrous 
oxides,  amorphous  aluminosilicates  and  carbonates,  or  occluded  in  the 
matrices  of  a  number  of  soil  mineral  forms.  Probably  only  small  amounts 
of  apatite  in  some  soils  are  representative  of  the  discrete  P  form 
envisaged  by  Chang  and  Jackson  (1957).  Nevertheless,  their  scheme  for 
chemical  fractionation  of  soil-P  proved  to  be  highly  useful  in  looking 
at  relative  differences  between  soils,  and  their  work  proved  to  be  the 
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atimulua  for  much  subsequent  research  in  this  area  ( Logan  and  McLean, 

WfJ,  Klokell  and  Jpeuccr,  19o4;  Hobertson  et  al . ,  19l)b). 

While  the  original  fractionation  schemes  were  designed  to 
study  the  effects  of  soil  genesis  on  soil-P  forms,  it  was  quickly  adopted 
by  soil  chemists  as  a  tool  for  the  study  of  phosphorus  fertilizer 
reactions  in  soil,  and,  more  recently,  as  an  Indicator  of  soil  potential 
for  water  pollution  (Reddy  et  al . ,  1976).  The  utility  of  these  schemes 
is  based  not  on  their  ability  to  extract  discrete  P  forms,  but  because  the 
scheme  uses  sequential  extraction,  and  because  the  order  of  the  sequence 
is  from  least  severe  and  most  selective  to  most  severe  and  least  selective. 

If  oiii'  accepts  tin*  fact  that  1'  is  bound  to  m.iny  different.  suiTaoen  in 
soil  with  varying  binding  forces,  and  that  the  P  which  is  held  on  the 
weakest  sites  will  be  the  most,  environmentally  reactive,  then  this  type 
of  sequential  extraction,  in  effect,  partitions  soil  and  sediment 
phosphate  on  the  basis  of  binding  strength. 

Major  development:;  In  the  basic  scheme  proposed  by  Chang  and 
Jackson  (1957)  have  been  accomplished  by  Williams  and  Walker  (1969a  and 
b);  Williams  ejl  al.  (1967);  Williams  et  al_.  (1971a  and  b);  Allan  and  Williams 
(1978)  for  soils  and  lake  sediments.  Byers  et  al_.  (197?)  encountered 
problems  with  the  XU,,?  extractant  for  aluminum-F  and  dropped  it  in  favor 
of  JIaOH  as  a  single  extractant  for  the  combined  iron-  and  aluminum-bound 
P  fractions.  Most  workers  have  also  dropped  the  NHi,Cl  extraction  because 
the  amount  of  P  extracted  is  very  low  compared  to  other  fractions.  More 
recently.  Williams  (Williams  et  al .  ,  1976;  Allan  and  Williams,  1978)  has 
simplified  the  scheme  for  lake  sediments  even  further.  He  proposes  two 
inorganic  sedlment-P  fractions:  non-apatite  phosphorus  (NAIP)  extracted 
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by  citrate-dithionite-bicarbonate  (CDB),  and  apatite-P  extracted  by 
HC1  or  HjSOi,.  Allan  and  Williams  (1978)  have  proposed  that  the  NA1P 
fraction  be  considered  bioavailable,  based  on  correlations  of  CDB 
extraction  with  the  NTA  extraction  of  Golterman  (1976)  which  was  found 
to  estimate  sediment-P  availability  to  Scenedesmus . 

Few  studies  are  available  which  give  direct  correlation  between 
algal  P  uptake  from  sediment  and  chemical  extraction.  The  work  of 
Golterman  (1976)  has  already  been  mentioned.  Sagher  et  al_. ,  (1975)  found 
that  0.1  NaOH  extractable  P  was  hi#ily  correlated  with  P  uptake  by 
P-deficient  algae  when  sediment-P  was  the  only  phosphate  source.  More 
recently,  Corey  (personal  communication)  used  the  same  algal  assay  system 
as  Sagher  et  al_. ,  (1975)  and  found  high  correlation  of  algal  extractable  P 
with  sediment-P  extracted  by  aluminum- saturated  exchange  resin.  Cowen 
and  Lee  (1976)  found  that  amounts  of  P  available  in  New  York  urban 
runoff  sediment  to  CelenastrxsB  were  similar  to  that  extracted  by  anion 
exchange.  Correlation  with  anion  exchange  extraction  was  better  than 
with  0.1  Jl  NaOH  extraction,  the  base  extraction  significantly  over¬ 
estimating  bioavailability.  Their  data  will  be  discussed  further  in 
another  section. 

Another  method  for  estimating  BSP  involves  the  thermodynamic 
response  of  sediment  surfaces  to  reactive  inorganic  phosphate.  Figure  1 
gives  an  idealised  isotherm  for  adsorption-desorption  of  Inorganic  P 


by  soil  or  sediment. 
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Figurc  1.  Adsorption/desorption  curve  (idealized)  for  soil  or  sediment. 

Net  adsorption  occurs  when  equilibrium  F  concentration  exceeds  EPC,  and 
net  adsorption  when  C  <  EPCQ.  ErC0,  the  equilibrium  T  concentration  at 
which  P  is  neither  adsorbed  nor  desorbed  is  a  useful  parameter  for 
predicting  soluble  inorganic  F  concentrations  in  equilibrium  with  suspended 
sediment  (Taylor  and  Kunishl ,  1971;  MeCallister  and  Logon,  1978; 

Green  et  al.,  1978;  Hyden  et  ol . .  1972).  Of  equal  importance,  however,  is 
the  buffer  capacity  of  the  sediment,  i.e.  the  amount  of  P  that  must  be 
adsorbed  or  desorbed  by  unit  mass  of  sediment  to  produce  a  unit  change  in 
soluble  inorganic  T  concentration.  Taylor  and  Kunishi  (1971)  define  BSP  as 
the  amount  of  P  that  must  be  desorbed  by  sediment  to  reduce  equilibrium  P 
concentration  from  ETC0  down  to  some  arbitarry  value  at  which  P  is 
limiting  to  algae  growth.  This  value  can  be  obtained  as  the  slope  of 
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the  curve  In  Figure  1  (dotted  line).  Sediment  buffer  capacity  ia  a 
function  of  such  factors  as  surface  area  (related  to  c  content  of 
sediment),  reactive  surfaces  on  sediment  particle  and  amount  of  labile  P 
already  adsorbed.  Bouldin  used  a  similar  procedure  to  estimate  BSP  for 
tributary  drainage  into  New  York  lakes  (Porter,  1975).  Procedures  of 
this  kind  usually  involve  short-term  incubation  (<  6  days)  and  probably 
represent  the  most  biologically  available  sedlment-P,  but,  at  the  same 
time,  probably  underestimates  total  potential  BSP. 

3.  Kinetics  of  exchange  and  desorption  of  sedlment-P 

Procedures  discussed  previously  in  this  report  deal  with  the 
capacity  of  sediment  to  supply  inorganic  P  to  organisms.  Little  work  has 
been  done,  however,  on  the  rate  of  release  of  sediment-P.  Isotopic 
exchange  rates  using  J*P  were  measured  in  soils  (Araer  et  al . ,  1955) 
and  sediments  (Li  et  al. ,  1972).  They  showed  that  exchange  involved 
at  least  three  different  reactions,  the  fastest  coming  to  completion  in 
15  minutes  and  the  slowest  continuing  for  at  least  72  hours.  Both 
studies  showed  that  a  large  percentage  of  the  exchangeable  P  was 
exchanged  during  the  initial  rapid  reaction.  Rajan  and  Fox  (1975) 
demonstrated  that  P  adsorption  by  soil  showed  a  fast  and  slow  reaction, 
and  that  desorption  of  P  occurred  at  a  rate  similar  to  the  slow  adsorption 
reaction.  Ryden  et  al.  (1977)  have  attributed  the  Tast  exchange 
reaction  to  a  physical  adsorption  of  HjPOiJ  anions  by  positively  charged 
colloid  surfaces,  while  the  slow  reaction  may  involve  precipitation- 
dissolution  of  metal-phosphate  complexes  and  diffusion  of  phosphate  ions 
from  chemically  bound  sites  to  more  labile  positions.  After  desorption 


-10- 


of  the  physically  sorbed  labile  P,  the  slow  desorption  of  phosphate  may 
determine  the  rate  at  which  algae  can  obtain  inorganic  P  from  sediment. 

Almost  all  desorption  Btudiea  (Ryden  et  al . ,  1972;  McCallieter 
and  Logan,  1978;  Green  et  al_. ,  1978)  have  involved  batch  equilibration  of 
soil  or  sediment  with  P-free  distilled  water  or  dilute  electrolyte.  While 
this  information  is  useful  in  characteri ring  relative  ability  of  sediments 
to  supply  P,  they  shed  little  light  on  the  kinetics  of  P  release  in  the 
presence  of  a  continuous  sink,  i.e.  algae. 

Estimates  of  bloavallabillty  of  sedlment-P  in  Lake  Erie  Basin  suspended 
sediments  and  other  sediments 

Interest  in  sediment-P  bioavni labi 1 i ty  has  increased  in  the 
last  decade  as  research  into  the  causes  of  cultural  eutrophication  in  lakes 
has  increased.  Since  1970,  a  number  of  studies,  using  the  many  different 
procedures  discussed  previously,  have  been  used  to  estimate  BSP.  Ikli 
is  usually  expressed  as  ugP/g  sediment  or  as  a  percentage  of  the  total 
sediment-P  or  total  inorganic-P.  In  this  section,  some  of  the  results 
will  be  compared,  and  wherever  possible,  common  units  will  be  used. 

;agher  et  al_. ,  (1975)  studied  algal  uptake  of  sediment-P  from 
several  Wisconsin  lakes  and  correlated  uptake  with  chemical  extraction. 
Highest  correlation  was  obtained  with  0.1  N  NaOH  extraction.  They  found 
that  '  flO*  of  total  sediment  inorganic-P  was  available  to  alrac  for 
noncalcareou*  sediments.  Williams  et^  al_. ,  (1071b)  had  shown  previously 
that  NaOH-P  would  extract  most  of  the  inorganic-P  in  noncalcareou* 

Wisconsin  lake  sediments.  In  calcareous  sediments,  50-70S  of  the  sediment 
inorganic-P  was  found  to  be  bioavailable  (Sagher  et  al . ,  1975). 


Coven  and  Lee  (1976)  studied  P  bioavailability  of  urban 
runolT  and  stream  sediments  in  Wisconsin  and  Hew  York,  using  algal 
Incubation  techniques  as  well  as  chemical  and  resin  extraction.  Madison, 
Wisconsin  urban  runoff  sediment  gave  BSP  values  of  -  30?  of  total  P  as 
measured  by  either  incubation  with  Selenaatrum.  resin  extraction  or  HaOH 
extraction,  with  a  range  of  2-55?  depending  on  individual  sample  or 
method  imed.  Resin  extraction  gave  somevhat  lover  values  than  either 
Selenastrvw  bioassay  or  base  extraction. 

In  Nev  York  urban  runoff  sediments,  resin  and  base  extraction 
gave  similar  results,  l6  and  22?  of  total  sediment-P,  respectively, 
with  a  range  of  1-37?  depending  on  individual  sample  and  method  employed. 
Selenastnmt  bioassay,  hovever,  was  <  9?.  Genesee  River  sediments  gave  a 
value  of  6?  with  Sclenastna  bioassay,  vhile  resin  extraction  gave  6 
to  31?.  The  authors  attributed  the  lover  bioassay  value  to  competition 
for  P  by  native  algal  species  in  the  sample  during  incubation.  One  must 
conclude  from  their  vork  that  vhile  resin  or  base  extraction  gives 
reasonable  estimates  of  BSP  for  Wisconsin  sediments,  these  procedures 
vill  overestimate  BSP  for  Nev  York  sediments. 

Recently,  Nelson  (1978)  studied  BSP  of  suspended  sediments 
in  the  Black  Creek  watershed  in  Indiana.  Ibis  5000  hectare  watershed 
is  located  in  the  western  Maxaee  River  Basin,  and  is  typical  of  much 
of  the  rural  land  use  and  geochemistry  of  western  Ohio  and  north-eastern 
Indiana.  They  used  Selenastnm  bioassay  and  sequential  chemical  extraction 
to  estimate  BSP.  Their  chemical  extraction  procedure  included  0.5  M  NHt,F 
prior  to  0.1  N  NaOH,  and  as  such,  represents  the  original  scheme  developed 
by  Chang  and  Jackson  (1957).  It  is  the  opinion  of  this  author  based  on 
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unpuhl ished  work  in  our  laboratory  that  a  substantial  portion  of  the 
NIlijK-oxtrno table  P  would  t>«>  extracted  by  NnOll  alone.  'Hie  sum  of  thene 
two  i  Vac  t.  Iona  accounted  for  between  71  and  8ft  of  the  sediment  Inorganic 
T  extracted  by  Selenastrum.  This  represented  between  19  and  29*  of  the 
total  sediment  Inorganic  P.  Nelson  (1978)  also  found  that  sediments 
from  agricultural  drainage  umiw  had  lover  fC’P  than  from  an  agricultural 
area  influenced  by  P  input  from  a  small  village.  The  Maumee  River  at 
the  outlet  of  Black  Creek  was  somewhat  higher  in  BSP  than  the  other 
areas . 

While  It.  him  been  recognised  (Williams  ot  al_. ,  197b)  that, 
fine-grained  sediments  are  often  higher  in  total  P  and  organic  matter 
than  coarser  sediments,  little  data  is  available  on  P  bioavailability 
of  different  sited  sediment  fractions.  Armstrong  ft  si.  (1977)  have 
reported  on  preliminary  results  of  chemical  extraction  of  sedlment-P 
for  different  sited  sediment  fractions  in  Great  Lakes  tributaries 
(Genesee  R. ,  New  York;  Maumee  R.t  Ohio;  Grand  R.,  Michigan;  Menomonee  R. , 
Wisconsin;  Ncmadjl  R.,  Minnesota).  Maumee  and  Nomadji  sediments  were 
highest  in  total  clay,  the  Genesee  highest  in  r.ilt  (2-20  u )  and  the 
Menomonee  had  the  highest  percentage  in  the  site  range  >  20  n.  Tn  most 
cases,  total-P  and  resin  extractable-P  or  NaOH  extractable-P  as  percent 
of  total  P  increased  as  particle  site  decreased.  In  all  site  ranges, 
Maumee  sediment  had  the  highest  bioavailability  (as  estimated  by  either 
n  mi  in  "r  Nm'll  extraction)  and  the  Nemadjl  the  lowest.  Genesee  and 
Menomonee  sediments  were  intermediate  and  similar.  BGP  (as  percent  of 
total  nedlment-P)  ranged  from  5-U8f. 


OBJECTIVES  OF  TOE  STUDY 


To  characterize  the  phosphorus  contained  in  suspended  sediments  from 
streams  draining  into  Lake  Erie. 

To  study  the  differences  in  suspended  sediment  phosphorus  entering 
Lake  Erie  in  streams  from  different  drainage  basins. 

To  estimate  the  bioavailability  of  phosphorus  to  aquatic  plants  from 
suspended  sediments  in  streams  draining  into  Lake  Erie. 
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1.  Sample  Collection 

During  the  period  March  through  July,  1977,  a  total  of  66 
samples  were  collected  from  36  tributary  locations  in  the  Lake  Erie 
drainage  basin  on  the  U.S.  side.  A  summary  of  the  sites,  tributaries, 
sampling  dates,  etc.  are  given  in  Table  1.  Six  major  tributaries  in 
Michigan  and  two  smaller  streams  with  drainage  areas  ranging  from  20  to 
10l*2  mi2  (52-2698  km2)  were  sampled  between  March  5  and  May  16.  In 
Ohio,  eight  major  tributaries  and  ten  smaller  streams  ranging  in  drainage 
nn*a  from  0.3  to  6iS0  mi2  (0.0-16395  km2)  were  sampled  between  March  10 
and  July  7.  In  New  York  four  creeks  ranging  from  10  to  37  mi2  (26-96  km2) 
were  sampled  on  April  23. 

Tbe  sites  were  arbitrarily  separated  into  four  groups: 

1.  Michigan  streams 

2.  Maumee- Port  age-!' an  dusky -Huron  river  basins 

3.  Eastern  Ohio  streams 

U.  New  York  streams 

This  divisi  on  allows  some  separation  on  the  basis  of  land  use  and 
geoehemi a  try . 

Samples  provided  were  either  part  of  an  ongoing  monitoring 
program  or  were  taken  for  this  study.  Some  samples  were  pumped  while 
other*  were  grab  sampled.  Drs .  Steve  Yaksich,  U.S.  Army  Corps  of  Engineers 
buffalo  District  and  David  Baker,  River  Laboratory,  Heidelberg  College, 
Tiffin,  Ohio  provided  most  of  the  samples.  Moat  samples  were  taken  during 
the  period  of  medium  to  high  flow  (Table  1)  and  so  represent  the  period 
of  maxlaxsa  sediment  transport. 
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Sample  sites  are  located  in  Figure  2  by  numbers  which  correspond 
to  those  in  Table  1. 

2.  Handling  and  Storage  of  Samples 

A  four-liter  sample  of  sediment  suspension  was  collected. 

Upon  delivery,  each  sample  was  vigorously  shaken  to  disperse  the 
sediment  and  two  250- ml  aliquots  were  taken  (Figure  3).  One  250- ml 
aliquot  was  filtered  through  a  1.0  pm  Ifucleopore  filter  and  the  filtrate 
stored  in  polyethylene  bottles  and  fro ten .  The  second  250-ml  aliquot 
was  left  unfiltered  and  stored  at  1*°C  in  polyethylene  bottles.  The 
remaining  3.5  liters  was  allowed  to  stand  overnight  at  l*°C  for  sediment 
to  settle. 

After  settling,  the  supernatant  was  siphoned  out  into  another 
container.  The  sediment  was  shaken  and  transferred  to  a  smaller  container 
and  left  to  settle.  After  most  of  the  supernatant  was  poured  out,  the 
sediment  was  freeze-dried  and  stored. 

The  supernatant  was  centrifuged  and  filtered  to  recover  any 
of  the  finer  sediment  that  did  not  settle.  This  was  added  to  the 
sediment . 


3.  Analytical  Methodology 


A  20- ml  aliquot  of  the  filtered  sample  was  analysed  for 
filtered*  reactive  phosphorus  ( FRP)  by  the  method  of  Murphy  and  Riley 
(1962)  as  modified  by  John  (1970).  The  following  changes  were  made  in 


*  This  is  equivalent  to  dissolved  lnorganic-P  (DIP).  However,  DIP  is 
defined  as  having  been  filtered  through  0.1*5  um  filter  and  we  used 
1.0  urn.  Our  studies  indicate  no  significant  differences  with  the  two 
methods . 


Figure  2.  Lake  Erie  Drainage  Basin  tributary  sampling  sites. 
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or  der  to  Improve  the  stability  of  the  blue  aolybdo-phosphate  complex. 

tvsilliwi*  were  t «it with  u  Heckman  .'*•»  i‘>|'ertmiphot.iimet.er  at 
7  *)  nm  wavelength  ami  inorganic  P  concentrations  determined  from  a 
standard  curve. 

Total  phosphorus  was  determined  by  the  method  of  Sommers  and 
Nelson  (1972).  Twenty-ml  aliquots  of  the  unfiltered  samples  were  pipetted 
into  50-ml  digestion  tubes.  Five  drops  of  concentrated  sulphuric  acid 
were  added  to  the  suspension  and  the  samples  evaporated  in  an  oven  at 
105°C  overnight.  On  cooling,  3  ml  of  70%  perchloric  acid  were  added, 
and  pyrex  funnels  were  placed  atop  the  tubes  throughout  the  digestion 
to  ensure  refluxing  of  perchloric  acid.  The  tubes  were  placed  in  an 
aluminum  direction  block  unj  the  samples  digested  at  .'01oC  for  7r>  minutes. 
Following  digestion,  the  digest  was  allowed  to  cool,  and  then  diluted 
with  distilled  water  to  50  ml .  The  tubes  were  shaken  to  mix  the 
contents  and  left  to  stand  overnight  or  centrifuged  to  remove  residues. 

From  the  clear  supernatant  solution  10  ml  aliquots  were  pipetted  into 
50  ml  tubes,  neutralized  with  5  N  NaOH  using  p-nitrophenol  as  an  indicator. 
The  aliquot  was  analyzed  for  total  phosphorus  eolorf metrically  as  described 
in  the  section  for  filtered  reactive  phosphorus. 

Twenty-ml  aliquots  of  the  filtered  samples  were  digested  in 
70%  perchloric  acid  following  the  procedure  outlined  for  total  phosphorus 
digestion.  The  phosphorus  from  this  digestion  is  the  sum  of  soluble 
Inorganic  and  soluble  organic  phosphorus.  The  difference  between  the 
values  obtained  from  the  digestion  of  the  filtered  samples  and  the 
soluble  inorganic  phosphorus  is  considered  to  be  soluble  organic  phosphorus. 
The  difference  between  total  phosphorus  obtained  from  digestion  of  the 


Figure  3.  Simple  handling  and  analysis 
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to  be  total  sediment  phosphorus. 

A  50-mi  'illquiil  kI  the  nunpended  sediment  (unflitered  sample) 
was  pipetted  fro®  samples  being  constantly  stirred  to  ensure  uniform 
dispersion.  The  aliquot  was  filtered  through  a  preweighed  1.0  pm 
Nucleopore  filter  membrane,  the  membrane  dried,  and  the  mass  of  sediment 
determined  by  difference. 

Phosphorus  Fractionation  Scheme 

Freeze-dried  sediment  was  fractionated  sequentially  by:  l)  NaOH, 
2)  eitrate-dlthionite-biearbonate  (CDB),  and  3)  HC1 .  The  fractionation 
procedure  used  is  based  on  one  of  the  five  schemer,  used  by  Williams 
et  ai.,  (1971). 

Freeze-dried  sediment  (0.1  g)  was  placed  in  90 -ml  polyethylene 
centrifuge  tubes  and  50  m.1  of  0.1  M  sodium  hydroxide  added.  The  tubes 
were  mixed  for  17  hours  on  a  rotating  mixer,  after  which  the  suspension 
was  centrifuged  for  IS  minutes  at  2**00  rpm.  The  supernatant  solutions 
were  decanted  into  flasks.  If  the  extracts  were  darkly  colored  duetto — ~ — 
high  organic  matter  in  the  sediment,  five  drops  of  concentrated  sulphuric 
acid  were  added  to  flocculate  the  organic  matter.  The  extracted 
inorganic  phosphate  was  determined  colorimetrieally  as  described  in  the 
flection  for  filtered  reactive  phosphate. 

The  sediment  residue  from  the  NaOH  extraction  was  washed  once 
with  50  ml  of  1  M  sodium  chloride  solution.  The  sediment  was  then 
suspended  in  Ii0  al  of  0.3  M  sodium  citrate  and  5  ml  of  1  M  sodium 
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blearbonate ,  and  then  1.0  gn  of  sodium  dithlonlte  was  added.  The  suspension 
was  heated  in  a  water  bath  at  80-85°C  for  15  minutes  with  frequent  stirring. 
The  suspension  was  cooled  and  mixed  for  5  minutes  on  a  rotating  mixer, 
and  then  centrifuged  for  10  minutes  at  2000  rpm.  The  supernatant 
solution  was  decanted. 

In  the  determination  of  inorgantc-P  after  citrate-bicarbonate- 
dithionite  extraction,  there  are  interferences  from  dithionite,  citrate, 
iron  and  silicon.  Therefore,  a  simplified  and  more  rapid  procedure  for 
the  determination  of  reductant-aoluble  phosphate  by  a  modification  of 
Murphy  and  Riley  (1962)  ascorbic  acid  developed  by  Weaver  (1971*)  was  used. 
Excess  sodium  dithionite  in  the  extract  was  oxidised  by  bubbling  moist 
air  through  the  extract  over-night;  5  ml  aliquots  were  pipetted  from  the 
air-oxidised  extract  into  tubes,  and  3  ml  of  5$  amaonium  molybdate  solution 
added.  Addition  of  the  5t  ammonium  molybdate  solution  compensates  for 
the  interference  from  citrate.  Distilled  water  was  added  to  make 
approximately  U0  ml  volume  and  the  "mixed  reagent"  for  color  development 
added  and  absorbance  measured  at  730  nm  after  30  minutes.  The  blank 
was  made  by  mixing  25  ml  of  0.3  M  sodium  citrate,  1  fqn  of  sodium 
dithionite,  and  the  mixture  diluted  to  50  ml.  This  solution  was  oxidised 
in  the  same  manner  for  same  period  of  time,  and  5  ml  aliquot  pipetted 
into  a  50  ml  tube. 

The  sediment  residue  from  the  CDB  extraction  was  washed  once 
with  1  M  sodium  chloride  solution;  50  ml  of  1  R  hydrochloric  acid  was 
added  and  the  suspension  mixed  in  a  rotating  mixer  for  one  hour.  The 
suspension  was  centrifuged  and  the  supernatant  decanted;  20  ml  aliquot 
of  the  extracts  were  pipetted  into  50  ml  tubes,  neutralized  with 


5  N  sodium  hydroxide  and  the  phosphate  determined  colori metrically  as 
for  filtered  reactive  phosphorus.  The  residue  after  HC1  extraction  was 
digested  with  perchloric  acid  as  before  and  is  termed  residual  inorganlc-P. 

Total  Phosphorus  in  Sediment 

Total  phosphorus  on  sediment  was  determined  by  the  following 
three  methods : 

1.  Perchloric  acid 

2.  Persulphate 

3.  Mehta 

Perchloric  acid  method:  Total  phosphorus  of  the  sediment  was  determined 
by  the  method  of  Sommers  and  Nelson  (1972).  A  0. 1-fcn  sample  of  the 
freeze-dried  sediment  was  placed  in  a  digestion  tube  and  digested  in 
1  ml  of  perchloric  acid  at  203°  for  75  minutes.  Following  digestion,  the 
digest  was  allowed  to  cool  and  diluted  with  distilled  water  to  50  ml. 

Hie  tubes  were  shaken  and  left  to  stand  overnight  or  centrifuged  to 
remove  residues.  From  the  clear  supernatant  solution,  3-ml  aliquots 
were  pipetted  into  50  ml  tubes,  neutralized  with  5  N  NaOH  using 
p-nitrophenol  as  an  Indicator.  Tbe  aliquot  wan  analyzed  for  total 
phosphorus  colorimetrl cal  ly  as  described  in  the  section  for  FRP, 

Mehta  method:  Total  phosphorus  in  sediment  was  determined  by  the  method 
of  Mehta  (1951*).  The  method  was  modified  slightly  in  the  quantity  of 
extracting  reagents  in  proportion  to  the  amount  of  sediment  analyzed. 

A  0.1  gm  sample  of  freete-dried  sediment  was  placed  in  digestion  tube, 
and  5  ml  of  concentrated  hydrochloric  acid  added,  and  then  heated  for 
10  minutes  at  70°C.  An  additional  5  ml  of  concentrated  hydrochloric 


acid  was  added,  mixed  and  allowed  to  stand  for  one  hour.  Ten  milliliters 
of  distilled  water  was  added,  mixed,  and  then  centrifuged.  Tbe  clear 
supernatant  solution  was  poured  into  a  50-al  tube,  10  ml  of  0.5  N 
sodium  hydroxide  was  added  to  the  residue,  3tirred  and  the  suspension 
allowed  to  stand  at  room  temperature  for  one  hour,  after  which  it  was 
centrifuged.  The  supernatant  solution  was  poured  into  the  tube  containing 
the  concentrated  hydrochloric  acid  extract.  Twenty  milliliters  of  0.5  N 
sodium  hydroxide  was  added  to  the  residue,  stirred  and  covered  with  an 
inverted  50  ml  beaker,  and  warmed  in  the  oven  at  90°C  for  8  hours.  The 
tube  was  cooled,  centrifuged  and  the  supernatant  poured  into  the  tube 
of  HC1  and  NaOH  extracts.  The  volume  wo3  made  to  50  ml  and  mixed.  Two 
10«ml  aliquots  of  the  mixed  extract  were  placed  in  two  separate  tubes. 

The  first  aliquot  was  analyzed  for  total  Inorganic  phosphorus  color- 
imetrically  as  described  for  FRP.  The  second  aliquot  was  digested  with 
perchloric  acid  as  described  previously,  then  analyzed  for  inorganic-P. 

The  difference  between  the  digested  and  nondigested  aliquots  is  organic-P. 

Persulphate  method:  Total  phosphorus  in  sediments  was  determined  by  the 
persulphate  method  described  in  the  Standard  Methods  for  the  Examination 
of  Water  and  Wastewater  (1975).  Tbe  procedure  was  modified  for  the 
anlaysls  of  0.05  gm  of  sediment  suspended  in  water.  A  0.05-gm  sample  of 
sediment  was  placed  in  a  100- ml  volumetric  flask  and  about  60  ml  of 
distilled  water  added;  1  ml  of  sulphuric  acid  solution  and  15  ml  of 
potassium  persulphate  solution  were  added  and  the  mixture  heated  for 
30  minutes  in  an  autoclave  or  pressure  cooker  at  15-?0  pel.  The  mixture 
was  then  cooled,  made  to  100  ml,  and  an  aliquot  taken,  neutralized  with 
RaOH  and  phosphorus  determined  by  the  procedure  described  previously  for  FRP. 


RESULTS  AMD  DISCUSSION 


The  data  was  organized  Into  the  four  geographical  areas 
discussed  previously.  The  complete  data  set  is  given  In  Appendix  A 
for  all  parameters  measured.  Summary  statistics  by  area  are  given  in 
Table  2,  and  mean  and  S.D.  are  presented  graphically  In  Figure  1*. 

Sediment  concentrations  were  significantly  higher  in  the  New  York  samples, 
with  the  western  Ohio  samples  intermediate.  Filtered  reactive-P  was 
highest  In  the  eastern  Ohio  streams  although  the  variation  was  quite 
high.  Total  P  reflected  both  the  high  sediment  concentrations  in  New 
York  streams  and  high  FRP  In  the  eastern  Ohio  streams.  Total  sediment-P 
is  calculated  as  the  difference  between  total  and  total  filtered-P 
divided  by  sediment  concentration.  Our  data  show  that  these  values 
are  overestimated  at  low  sediment  concentrations  (Appendix  A)  when 
compared  with  direct  measurement  of  total  P  on  sediment.  Errors  in 
the  three  parameters  which  are  used  to  calculate  total  sediment-P  may 
contribute  to  this  difference. 

The  NaOH-P  was  essentially  the  same  for  Michigan  and  Ohio 
streams  and  these  were  significantly  higher  than  the  New  York  samples. 
CDB-P  showed  the  same  trend;  the  eastern  Ohio  streams  had  significantly 
higher  values  than  western  Ohio  and  New  York  was  again  lower  than  the 
other  three  areas.  On  the  other  hand,  HC1-P  (apatite)  was  highest  in 
the  New  York  streams;  apatlte-P  was  lowest  of  three  fractions  in  the 
Ohio  and  Michigan  streams  and  highest  in  the  New  York  tributaries.  Sum 
of  the  two  fractions  that  are  considered  to  be  available  (NaOH  ♦  CDB) 
was  highest  in  the  eastern  Ohio  samples,  sign!  fi cantly  higher  than 
western  Ohio  and  New  York.  New  York  was  lower  than  the  other  three  areas. 
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Total-P  determined  by  perchloric  acid  digestion  was  higher  than 
that  by  persulfate  digestion  in  all  cases.  The  difference  between  the 
two  methods  was  highest  in  Ohio  streams. 

The  sum  of  inorganic  fractions  (HaOH  ♦  CDB  ♦  HC1  ♦  residual) 
correspond  quite  well  to  Mehta  inorganic-P  for  New  York  and  western  Ohio 
streams  but  not  for  the  other  two  areas.  The  discrepancy  is  due  to  the 
incomplete  data  set  for  Michigan  and  eastern  Ohio  streams  (because  of 
limited  amount  of  recovered  sediment  rather  than  analytical  error). 

Organic-P  decreased  from  west  to  east,  reflecting  the  organic 
■tatter  content  of  soils  in  the  Basin  (more  organic  soils  in  Michigan) 
and  the  high  sediment  transport  in  the  New  York  streams  (organic-C 
content  tends  to  decrease  as  Bedlment  concentration  increases). 

1 .  Bloavailable  aedlment-P 

For  the  purpose  of  this  study,  bioavnilable-P  will  be  considered 
in  two  ways:  short-term  and  total.  The  NaOH-P  will  be  considered  to 
be  short-term  bloavailable  because  it  is  known  that  this  fraction 
contains  the  most  labile  or  exchangeable  phosphate  (Logan  and  McLean, 

1973)  and  has  been  shown  by  Sagher  et  al.  (1975)  to  be  correlated  with 
algal  uptake.  (CDB  ♦  RaOH)-P  can  be  considered  as  a  measure  of  the  total 
available  fraction  which  is  potentially  releasable  over  a  long  period  of 
time  (years).  Table  3  expresses  bioavailable-P  as  a  percentage  of  the 
total  sediment  (perchloric  acid  method).  Eastern  Ohio  had  the  highest 
amounts  of  both  fractions  (Table  2)  but  on  a  percentage  basis  they 
were  the  same.  The  high  incidence  of  point  sources  in  these  two  areas 
should  be  investigated  further  as  a  possible  relationship  with  high 


bioavailable-P. 


TABLE  i.  PERCENT  BIOAVAI LABILITY  OF  SEDIMENT- P# 


NaOH-P 

CDB-P 

(NaOH  ♦  CDB)-P 

Michigan 

30.0 

1»5*0 

75.0 

Western  Ohio 

Ul.9 

35-9 

77.8 

Eastern  Ohio 

32.8 

55.8 

88.6 

New  York 

lU.O 

28.5 

U2.5 

•  Expressed  as 

percent 

of  total 

sediment  inorganic 

phosphorus . 

New  York  samples  were  lowest  in  both  NaOH-P  and  CDB-P  and  would 
be  expected  to  support  much  less  algal  growth  than  the  streams  to  the  west. 
On  a  percentage  basis,  NaOH-P  was  lower  than  other  areas.  Studies  in 
Fall  Creek,  New  York  (Porter,  1975)  used  a  desorption  technique  to  measure 
readily  available  phosphorus  and  concluded  that  about  US  of  the  total 
sediment-P  was  available  by  this  technique. 

Actual  bioavailability  of  sediment-P  is  strongly  dependent  on 
equilibrium  kinetics:  the  rate  at  which  sorbed  P  is  released  when  a 
demand  or  sink  (algal  uptake)  is  in  operation,  and  the  period  during  which 
the  sediment  is  positionally  accessible  to  the  algae.  In  deep  lakes  with 
significant  stratification,  as  in  the  eastern,  and  to  a  lesser  extent, 
the  central  Lake  Erie  basins,  sediment  may  be  in  contact  with  algae  for 
short  periods  only,  during  which  time  NaOH-P  will  be  most  Important. 

During  anoxia  and  subsequent  lake  inversion,  P  released  from  the  CDB 
fraction  will  become  significant.  Therefore,  chemical  fractionation  data 
must  be  interpreted  in  light  of  tyonalca  of  the  receiving  lake. 


Simple  moment  correlntions  were  run  between  all  parameters  and 
Table  It  given  those  correlations  which  were  significant  ut  the  5%  level 
of  probability  or  better.— ^  Sediment  concentration  was  positively  correlated 
with  total-P  (wg/ml)  and  HC1-P,  and  negatively  correlated  with  NaOH-P, 
total  sediment-P  and  organic-P.  A  closer  examination  of  the  data  set 
(Appendix  A)  indicates  that  many  of  these  relationships  are  reflecting 
the  influence  of  the  New  York  samples,  a  number  of  which  were  the  highest 
in  suspended  solids  found  in  the  study.  The  results  are,  however, 
supported  by  the  work  of  Porter  (1975),  Logan  (1978)  and  Armstrong 
et  al.  (1977)  who  found  that,  at  lower  sediment  concentrations  the 
sediment  that  is  transported  contains  more  clay  and  organic  matter 
and  is  higher  in  sediment-P.  Armstrong  et  aK  (1977)  used  a  chemical 
fractionation  scheme  to  characterize  suspended  sediments  form  Great 
Uikcs  tributaries.  They  fractionated  the  sediment  into  various  particle 
size  fractions  and  showed  that  available  sediment-P  was  higher  on  the  finer 
textured  material. 

Both  NaOH-P  and  CDB-P  were  correlated  with  total  sediment-P 
as  expected.  Step-wise  linear  regression  correlations  were  run  on  the 
various  fractions  and  these  art;  given  in  Tabic*  5.  None  of  the  equations 
had  very  high  values.  However,  a  few  trends  were  apparent.  CDB-P 
and  (CDB*NaOH)-P  were  negatively  related  to  sediment  concentration, 
while  HC1-P  was  positively  correlated.  Total  filtered-P  was  positively 
correlated  with  each  fraction  except  CDB-P,  and  NaOH-P  was  positively 
correlated  with  organic-P.  The  relationship  of  this  fraction  with 
organic-P  is  not  unexpected  since  NaOH  is  known  to  extract  organic 

y 


Complete  correlation  matrix  is  given  in  Appendix  B. 
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materlal;  although  only  the  inorganic-P  in  the  NaUH  extract  was  measured, 
it  in  possible  that  the  NnOH  may  be  extracting  a  part  of  the  inorganic-P 
that  is  bound  to  organic  matter  or  there  may  be  extraction  of  polyphosphates 
with  subsequent  hydrolysis  to  inorganic  reactive-P. 


TABLE  5.  STEPWISE  LI NEAP  REGRESflON  EQUATIONS 


NaOH-P  *  333-1  total  filtered-P  ♦  0.26  organic-P  -  R2  *»  0.57 

0.60  HC1-P  ♦  217.3 


CD8-P  »  1.52  residual  inorganic-P  -  0.01*  sediment  R2  *  0.39 

cone.  ♦  169.2 


HC1-P  «  0.03  sediment  concentration  ♦  162.9  filtered  R2  *  0.56 
reactive-P  ♦  205.8  total  flltered-P  -  0.30 
NaOH-P  -  0.23  (Perchloric  acid  totsl-F- 
persulfate  acid  total-P)  ♦  182.2 


(NaOHeCPB)-P  -  600.7  total  filtered-P  ♦  2.03  residual  R?  =  0.6l 
inorganic-P  -  0.06  sediment  concentra¬ 
tion  -  0.57  HC1-P  ♦  373.1* 


2 .  Total  oedlment-F  Analysis 

One  of  the  objectives  of  this  study  was  to  compare  the  persulfate 
method  of  total-P  analysis  with  perchloric  acid  digestion  used  in  soil 
analysis.  O’Connor  and  Syers  (1975)  showed  that  when  water  samples  contain 
significant  amounts  of  mineral  sediment,  persulfate  digestion  fails  to 
recover  all  of  the  P  present.  They  attributed  the  difference  between 
persulfate  and  the  more  rigorous  perchloric  acid  digestion  to  highly 


resistant  inorganic-P  forma. 
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Our  data  (Table  2)  showed  that  perchloric  acid  does  extract 
more  P  than  persulfate  in  all  cases.  The  difference  in  sediment-P 
extracted  was  positively  correlated  with  total  filtered-P  and  negatively 
correlated  with  HC1-P.  Step-wise  linear  regression  gave  the  following 
equation: 

Difference  in  total-P  *  517.9  total  filtered-P  -  0.38  CDB-P  -  0.67  HC1-P 

♦  258.2  R2  *  0.U2 

The  R2  was  quite  low  but  confirmed  the  negative  correlation  with  HC1-P. 
Evidently  the  perchloric  acid  is  extracting  some  form  of  P  in  the  samples 
from  Ohio  and  Michigan  not  seen  in  the  New  York  samples  and  that  this  form 
is  not  organic-P  or  residual  inorganic-P  since  these  did  not  correlate. 

3.  Extrapolation  to  Lake  Erie 

Monitored  tributary  loads  of  sediment  to  Lake  Erie  in  recent 
years  have  shown  that  most  of  the  sediment  is  transported  during  storm 
events.  These  sediments  are  primarily  of  surficial  soil  origin,  with 
detrital  sediment  and  street  litter  from  urban  runoff  of  lesser  significance. 
PLU ARC  -  Task  C  studies  in  wue  Menomonee  River  Basin  and  work  by  Cowen 
and  Lee  (1976)  in  New  York  and  Wisconsin  Indicate  that  urban  sediments 
have  phosphorus  characteristics  similar  to  those  from  agricultural  areas . 

Sediment-P  bioavailability  as  measured  by  chemical  extraction, 
bioassay  or  other  techniques  reflects,  for  the  roost  part,  native  soil 
phosphorus  levels  in  Basin  soils  and  its  chemical  and  biological  reactivity, 
fertiliser  phosphorus  additions,  the  degree  to  which  sediment  is  enriched 
in  P  because  of  preferential  clay  transport,  and  the  adsorption  of  point 
source  soluble  Inorganic  P  by  stream  sediments. 


Based  on  these  considerations ,  sediments  from  the  more  urbanized 
t  ri hiit-ary  areas  in  Michigan  an. I  eastern  Ohio  tuid  those  from  the  high  clay 
agricultural  basins  in  western  Ohio  should  have  the  highest  BSP  per  unit 
sediment  load.  The  high  total  annual  sediment  Pad  in  the  Maumee, 

Portage  and  Sandusky  basins  t  .gether  with  high  F.SP  point  to  these  areas 
as  the  major  contributors  of  BSP.  In  addition,  the  discharge  of  these 
sediments  into  the  shallow  western  lasin  of  lone  Krle  make  their  impact 
on  algal  production  even  more  significant.  As  one  proceeds  into  the 
central  mid  cu.t.»*rn  l»*.  I  n  ■  ,  t.ne  ignlficant  ntrltmti  n  if  .aedlmont-P 
to  algal  growth  is  diminished  for  tw  reos  nr  ;  wer  sediment  loads  and 
H5r,  and  shorter  contact  time  betwen.  algae  *nd  sediment. 

Keductl  ns  in  t  tal  seiiswnt  load  t  -  the  Lake  in  concert  with 
point  source  phosphorus  reductions  have  teen  proposed,  ,'ediment  load 
reduction.  in  tl»o  'i«  hi .  iv  ,  n  f  the  i.akc  lit  in  should  receive  greatest 
attention.  In  this  regard,  two  points  should  be  made:  1)  While  total 
r*. r  t  1  I  1  • .  i  p  -i  I  1 1  I  t  ..  1 »  .  t  de rn  (dll's |  rul  n»rU  1 1  ml  (on  hegij n  aboil ♦. 

Ii0  y»*nr  m’.  fin v**  uly  inren.o»d  not  1-P  level  t.y  about  lot,  theiir* 
additions  have  a  higher  BTP  than  native  soil-P.  Logan  (1978)  found  that 
Lake  Krle  Basin  agricultural  soils  had  available-!'  levels  sufficient  for 
optimum  crop  production  and  state  extension  programs  should  strive  to 
maintain  these  levels  rather  than  increase  them  further.  ?)  sediment-P 
reductions  will  not  be  as  great  as  sediment  reduction  when  conservation 
programs  are  implemented,  because  these  programs  are  more  efficient  at 
preventing  the  loss  of  coarse-grained  sediment  than  the  fine  sediment 
with  i  ft  higher  P  content.  The  reaultn  of  Armctrong  c_t  ol_.  (1977) 
indicate  that  Blip  will  ali;  ■  diminish  slower  than  sediment  reduction. 
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COMCLUSIONS 

1.  Bioavailable  sediment-P  as  estimated  by  NaOH  extraction  was  on  the 
order  of  30-U0*  of  total  inorganic  aediment-P  for  suspended 
sediments  in  Michigan  and  Ohio.  Hew  York  Bediments  were  only  half 
as  much,  about  lb$. 

2.  Hew  York  sediments  had  the  highest  content  of  apatite-P  and  were 
lowest  in  total-P. 

3.  Persulfate  gave  lower  total  sediment-P  values  than  perchloric  acid 

in  all  cases i  this  difference  was  negatively  correlated  with  apatite-P 
but  was  not  correlated  with  organic-P  or  residual  inorganic-P. 
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